Neutrophil (PMN) functions can be primed for greatly increased oxidative radical release by exposure to certain agents such as lipopolysaccharide (LPS). Although a variety of signaling pathways involving both tyrosine kinases and mitogen-activated protein (MAP) kinases may be operative, the mechanisms of PMN priming are still not understood. We found that PMN priming was not achieved by treatment of cells with a very low concentration (5 ng/ml) of LPS unless additional "helper" factors were present in plasma (5%). Under these conditions, LPS induced tyrosine phosphorylation of a 38-kDa protein, which was coincident with the MAP kinase p38 action in this situation. LPS-mediated activation of p38 in human PMNs was dependent on the presence of LPS binding protein from plasma and CD14 on the surfaces of the cells. Phosphorylation of p38 was highly correlated with LPS priming of a formyl-methionyl-leucyl-phenylalanine (fMLP)-stimulated PMN respiratory burst. Treatment of PMN with the p38-specific inhibitor SB203580 significantly attenuated the respiratory burst in cells primed by LPS and stimulated by fMLP. These results suggest that the LPS signaling pathway leading to p38 activation may be an important mechanism in regulation of PMN priming. The mediator(s) linking CD14 to p38 involves proteins that are functionally sensitive to genistein but insensitive to tyrphostin AG126 and to Src-and Syk-family kinase, protein kinase C, and phosphatidylinositol 3-kinase inhibitors. Elucidating this pathway will provide insight into possible regulation of PMN priming by LPS.
Infection by gram-negative bacteria remains a global problem, especially for the very young, the elderly, or the immune compromised, in whom septicemia and shock leading to multiple organ failure can occur (27) . One important feature of septicemia is the presence in blood of lipopolysaccharide (LPS), a membrane glycolipid from the cell walls of gramnegative bacteria. LPS can be detected in the blood of septicemic patients at nanogram-per-milliliter levels (10, 42) . LPS accounts for many symptoms of septic shock, including vasodilation, myocardial dysfunction, and disseminated intravascular coagulation.
In addition to its direct cytotoxic effects on endothelium, LPS also affects a variety of cellular functions in blood cells (1) . One example is priming of polymorphonuclear neutrophils (PMN). When preexposed to LPS, PMN are primed, i.e., poised for a dramatically increased level of oxidative radical production elicited by a very weak secondary stimulus, such as the chemotactic factor formyl-methionyl-leucyl-phenylalanine (fMLP) (34) . Although the excessive production of reactive oxygen radicals by PMN is necessary for effective killing of invading organisms, it is also associated with tissue damage during inflammation (36) . In order to devise more-effective treatment strategies, it is important to understand the microbehost cell interaction, including the mechanism involved in the LPS priming of PMN function.
Our previous studies have demonstrated that LPS priming of human PMN needs plasma to operate effectively (3, 4) , indicating the involvement of some plasma factor(s) in the LPS-PMN interaction. LPS binding protein (LBP), an acute-phase plasma protein, binds to LPS, leading to efficient LPS interaction with the cell surface receptor CD14 (45, 46) . This complex of LPS-LBP and CD14 then interacts with Toll-like protein 4 (TLR4), by which transmembrane signals are generated to affect cellular functions (16, 40) . Recent studies have linked LPS stimulation to mitogen-activated protein (MAP) kinase signaling pathways including extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and p38 (3, 9, (23) (24) (25) . The biological function of this family of protein kinases in human PMN, although not definitively determined, has been implicated in the regulation of chemotactic migration, cytoskeletal rearangement, respiratory burst, degranulation, cytokine gene expression, and apoptosis (6) .
Human PMN express the ␣ isoform of p38, whose activation is mediated by dual phosphorylation by upstream kinases such as MKK3/MKK6 (12, 24) . Once activated, p38 phosphorylates a number of substrates, including activating transcription factor-2 (ATF-2), MAP kinase-activated protein (MAPKAP) kinase 2, MAPKAP kinase 3, c-Jun, ELK-1, and myelin basic protein (12, 24) ; most of these are transcription factors re-quired for the expression of various genes involved in inflammatory processes. Roles for p38 in PMN priming by LPS, tumor necrosis factor (TNF), or interleukin-8 (IL-8) (49), activation of NADPH oxidase, adhesion, and migration (7, 37) have been proposed, but the mechanism by which the LPS signal is processed to this kinase has yet to be elucidated.
In this study, we simultaneously assessed the activation of p38 and priming of fMLP-induced superoxide anion (O 2 Ϫ ) production in human PMN by LPS. The results demonstrated that the plasma factor LBP and cell surface receptor CD14 were necessary for LPS activation of p38, which was tightly associated with LPS priming of the PMN respiratory burst. sulfonyl fluoride) for 30 min on ice, followed by centrifugation at 12,000 ϫ g for 10 min at 4°C to remove insoluble nuclei and granules. Protein concentrations in the lysates were determined by a Bradford protein assay (Bio-Rad Life Science Products) according to the manufacturer's instructions, and lysates were stored at Ϫ70°C before use.
SDS-PAGE and Western blotting. SDS-polyacrylamide gel electrophoresis (PAGE) and Western blotting, as well as membrane stripping and reprobing, were carried out exactly as described previously (3) . The antibodies used in the present study were a mouse anti-phosphotyrosine MAb (PY99), a rabbit antiphospho-p38 Ab (p-p38), and a rabbit anti-p38 protein Ab. Bound Abs were detected with horseradish peroxidase-conjugated goat anti-mouse or anti-rabbit IgG followed by treatment with ECL Western blotting reagents and exposure to Kodak X-ray films.
Protein tyrosine kinase assay. Protein tyrosine kinase activity was detected by an in vitro immunocomplex kinase assay as described previously (48) . Briefly, protein tyrosine kinases (Fgr, Hck, and Lyn) were precipitated from the lysates (100 g in 400 l) by using specific Abs immobilized on protein A-agarose. Kinase activities were assayed on the washed immunoprecipitates in the presence of [␥-
32 P]ATP and were analyzed by SDS-PAGE followed by autoradiography. Superoxide assay. PMN were pretreated with antibodies or inhibitors as described in Results and were resuspended in H-medium containing 80 M cytochrome c either alone or supplemented with 5% normal plasma or plasma treated with antibodies (anti-LBP or control IgG), or with 5 ng of purified human LBP/ml. Cells were dispensed into polypropylene microcentrifuge tubes (1.0 ml/tube) and either left unprimed or primed with LPS (5 ng/ml) for 20 min at 37°C, followed by stimulation (or not) with fMLP (10 Ϫ6 M) for another 5 min. Superoxide (O 2 Ϫ ) production was measured by the superoxide dismutase-inhibitable reduction of cytochrome c as described previously (47) .
Statistical analysis. Results were analyzed by one-way analysis of variance to determine the differences between the individual treatments. Statistical significance was defined as a P value of Ͻ0.05.
RESULTS
LPS priming of PMN is associated with marked tyrosine phosphorylation of a 38-kDa cellular protein and the MAP kinase p38 in a plasma-dependent manner. It has long been noted that PMN function, especially the respiratory burst, can be dramatically enhanced by priming with variety of agents, including LPS (34) . However, the mechanisms involved in the priming processes are still not fully understood. We previously reported that LPS, when used at a low concentration (5 ng/ml), failed to prime PMN oxidative burst activity in the absence of plasma (4) . As shown in Fig. 1A , without the addition of plasma in the incubation medium, treatment of PMN with LPS (5 ng/ml for 20 min at 37°C) alone caused minimal change in total cellular protein tyrosine phosphorylation. In contrast, LPS induced marked tyrosine phosphorylation of a protein(s) migrating at a molecular mass of 38 kDa in cells incubated in a medium containing plasma (Fig. 1A ). Since this protein(s) migrated at a molecular size similar to that of the MAP kinase p38, we examined the activation of p38 under our experimental conditions using an antibody specific for activated (i.e., phosphorylated) p38 by Western blotting. As demonstrated in the middle panel of Figure 1 , a highly phosphorylated p38 was induced by LPS in PMN incubated in the presence of plasma only, indicating an association and possible role of p38 in LPS priming of PMN function and the involvement of certain plasma factors in the process.
LBP is the plasma factor supporting LPS activation of p38 and priming of the respiratory burst in human PMN. In order to identify the plasma factor(s) that promoted PMN priming by LPS, we fractionated human plasma using a Sephacryl S-200 column. Fractionation (0.5-ml aliquots) began when proteins were first eluted and was ended when no protein was detect- able. High-molecular-mass (i.e., Ͼ100-kDa) proteins, including fibronectin, which may play a role in LPS-mediated PMN priming (4), were recovered in fractions 1 to 7, and mediummolecular-mass (i.e., 50-to 100-kDa) proteins were recovered in fractions 5 to 17. The fractionated plasma was analyzed by SDS-PAGE (data not shown), and individual fractions were used as substitutes for whole plasma in PMN incubation (Fig.  2) . Under this condition, it was observed that the plasma factors necessary for LPS activation of p38 in PMN were present in fractions 5 to 16 ( Fig. 2) , in which there were mainly proteins in the 50-to 100-kDa range.
Since the plasma factors that enabled LPS to activate p38 in human PMN were present in fractions with molecular masses of 50 to 100 kDa, we speculated that LBP (a 68-kDa plasma protein) was the factor supporting LPS-PMN interaction. We tested this possibility by using purified human LBP as a plasma substitute and by pretreating plasma with an anti-LBP MAb to neutralize the LBP in plasma before it was added to the cells.
In PMN incubated with plasma which was pretreated with the anti-LPB MAb (at 20 g/ml for 1 h at room temperature), LPS failed to induce p38 activation (Fig. 3A) or to prime the fMLP-stimulated respiratory burst (Fig. 3B) . Furthermore, purified LBP (5 ng/ml) acted as a substitute for plasma in stimulating the PMN response to LPS-induced p38 activation (Fig.  3A) and priming the fMLP-induced respiratory burst (Fig. 3B) .
LPS activation of p38 and priming of respiratory burst in
LPS increases tyrosine phosphorylation of a cellular 38-kDa protein (indicated by the arrow in panel A) that is coincident with the activation of p38 in human PMN. Purified PMN were resuspended in H-medium alone or supplemented with 5% plasma at a density of 10 ϫ 10 6 /ml and were incubated at 37°C for 20 min in the absence or presence of 5 ng of LPS/ml. Cells were washed once with ice-cold phosphate-buffered saline-2.5 mM DFP, followed by lysis with RIPA buffer. Cellular proteins were analyzed by SDS-PAGE and Western blotting (WB) for tyrosine phosphorylation (A) and p38 activation (B). Equal loading was confirmed by stripping the membrane and reprobing for p38 protein (bottom panel).
FIG. 2.
Size fractionation of the plasma factor(s) that supports LPS activation of p38. PMN were incubated in H-medium supplemented with 5% whole or fractionated (on a 30-ml Sephacryl S-200 column) plasma in the absence or presence of 5 ng of LPS/ml at 37°C for 20 min. Cellular proteins were prepared and analyzed for p38 activation as described in the legend to Fig. 1.   FIG. 3 . LBP is the plasma factor that supports LPS activation of p38 and priming of the PMN respiratory burst. (A) PMN were resuspended in H-medium supplemented with 5% plasma pretreated with a control mouse IgG (mIg) or a mouse anti-LBP Ab and were incubated in the absence or presence of 5 ng of LPS/ml at 37°C for 20 min. Some cells were incubated in H-medium supplemented with 5 ng of purified LBP/ml. Cellular proteins were prepared and analyzed for p38 activation as described in the legend to Fig. 1. (B) PMN were resuspended at a density of 10 6 /ml in H-medium supplemented with 80 M cytochrome c and 5 ng of purified LBP/ml or 5% plasma pretreated with a control mIg or a mouse anti-LBPAb. Cells were incubated in the absence or presence of 5 ng of LPS/ml at 37°C for 20 min and then with fMLP (10 Ϫ6 M) for another 5 min. The amount of O 2 Ϫ produced by the cells was calculated from the absorbance of the incubation medium at 550 nm. Fig. 4A , LPS activation of p38 was completely abolished by the CD14-specific antibody. In contrast, antibodies to CD29 and CD18, used either alone (Fig. 4A ) or in combination (data not shown), did not affect the action of LPS. Moreover, CD14-dependent LPS activation of p38 was highly coincident with LPS priming of the fMLP-induced respiratory burst, which also appeared to be CD14 dependent (Fig. 4B) . p38 is required for LPS priming of PMN respiratory burst. Next we examined the involvement of p38 in LPS priming of the PMN oxidative burst by using the p38-specific inhibitor SB203580. As shown in (Fig. 5) . SB203580 treatment also attenuated the generation of O 2 Ϫ by unstimulated PMN as well as by those stimulated with either LPS or fMLP alone (Fig. 5) .
LPS activates Src-family kinases in human PMN, but they are not required for p38 activation. In order to identify the mediator(s) that functionally links CD14 to p38, we assayed the kinase activities of Src-family tyrosine kinases in PMN treated with LPS, because these enzymes have been implicated in PMN receptor signaling (2) . Under our experimental conditions, enhanced kinase activity was detected for all three members of the Src-like kinases (p53/56 lyn , p58 fgr , and p59 hck ) expressed in human PMN when cells were stimulated with LPS (5 ng/ml) plus 5% plasma for 20 min (Fig. 6A) . Nevertheless, treatment of PMN with the Src-family kinase-specific inhibitor PP2 did not affect the LPS activation of p38 in human PMN (Fig. 6B) , suggesting that these kinases are highly unlikely as upstream mediators for p38 activation. p72 syk , the protein kinase C (PKC) family, and phosphatidylinositol 3-kinase (PI 3-kinase) are also unlikely to be the link between CD14 and p38, because specific inhibitors for these kinases, i.e., piceatannol, calphostin C, and wortmannin, respectively, did not interfere with LPS activation of p38 (Fig. 6B) . However, these inhibitors effectively attenuated the TNF-␣-induced PMN respiratory burst (Fig. 6C) , for which activities of protein tyrosine kinases, PKC, and PI 3-kinase are necessary (47) . The tyrosine kinase inhibitor tyrphostin AG126 has been shown to inhibit the LPS-induced activation of ERKs and the release of nitric oxide from macrophages (26) , but it showed no inhibitory effect on p38 activation in LPS-stimulated PMN (Fig. 6B) . FIG. 4 . CD14, but not ␤ integrins, mediates the LPS activation of p38 and priming of the respiratory burst. PMN either were not pretreated or were pretreated with either control mouse IgG (mIg) or a mouse anti-CD29, anti-CD18, or anti-CD14 Ab for 1 h at 4°C. Cells were then incubated with 5% plasma with or without LPS at 5 ng/ml and were analyzed for activation of p38 (A) or production of O 2 Ϫ (B) as described in the legends to Fig. 1 and 3. FIG. 5. p38 activation is partially required for LPS priming of the PMN respiratory burst. PMN in H-medium supplemented with 5% plasma were pretreated or not with 5 M SB203580 for 10 min at room temperature and then assayed for O 2 Ϫ production as described in the legend to Fig. 3 .
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on October 15, 2017 by guest http://iai.asm.org/ Overall, we found that only genistein, a tyrosine kinase inhibitor with broad activity, inhibited LPS-induced p38 activation in human PMN (Fig. 6B ). This effect of genistein was not due to its cytotoxicity, because the phorbol myristate acetate (PMA)-induced respiratory burst, which is primarily dependent on PKC activity, was not affected by genistein at the concentration used in this study.
DISCUSSION
Interactions between LPS and host cells are complex. For example, in the presence of plasma or serum, LPS at 1 to 5 ng per ml (i.e., levels found in the plasma of patients with endotoxemia) does not activate PMN in vitro. However, PMN are primed under these conditions, i.e., they acquire the ability to generate extremely high levels of reactive oxygen radicals when triggered by a second stimulus (11) . LBP, CD14, protein tyrosine kinases, and MAP kinases are thought to be important in the LPS-PMN interaction (5, 9, 13, 23-25, 45, 46) ; however, the relationship between these factors remains to be delineated.
In the present study we observed that LPS induced tyrosine phosphorylation of a 38-kDa protein coincident with the activation of p38. Activation of p38 correlated with LPS priming of PMN, indicating an important role for p38 in this process. This was confirmed by using the p38-specific inhibitor SB203580, which attenuated the LPS enhancement of fMLP-induced O 2 Ϫ release.
The major cell surface receptor for LPS on PMN is CD14, a 55-kDa glycosylphosphatidylinositol-linked membrane protein (46) . However, ␤2 integrin (CD11b/CD18) (45), L-selectin (20) , and, more recently, the transmembrane protein Toll-like receptor (16, 40) have also been implicated in LPS signaling. A pivotal role for CD14 in the interaction between PMN and LPS or other bacterial components from both the gram-negative and gram-positive classes has been clearly demonstrated (8, 15, 28-30, 33, 41, 44) . CD14 is required for LPS stimulation of a variety of biochemical and cellular functional changes, including activation of phospholipases (39) , protein kinase A and PKC (17, 35) , protein tyrosine kinases (17, 38) , and MAP kinases (Fig. 4A) (3, 9, (23) (24) (25) . These signaling events are associated with PMN priming (5, 13) . As demonstrated in the present study, activation of p38 is also associated with PMN priming.
LPS-CD14 interaction is greatly enhanced in the presence of plasma (45, 46) . Two proteins, LBP and fibronectin, have been implicated as factors of plasma needed for efficient PMN priming (4). Therefore, we investigated the role of plasma proteins in LPS activation of p38 in PMN. We found that plasma fractions supporting LPS activation of p38 in human PMN contained predominantly proteins of 50 to 100 kDa, implicating LBP, which has a molecular mass of 68 kDa (46) . However, these fractions contain many proteins, so a role for other factors could not be ruled out. In this report, we show that both activation of p38 (Fig. 3A) and priming of PMN (Fig. 3B) by LPS are accomplished by purified LBP and attenuated by treatment of plasma with an anti-LBP MAb.
LPS can induce tyrosine phosphorylation of several cellular proteins, including p38, p44/p42 ERKs, p72 syk , JNK, phospholipase D, Pyk2, and Vav, in PMN or other blood leukocytes (5, 7, 13, 14, 17, 24, 25, 38, 43) . In the present study we observed that LPS by itself at low concentrations (5 ng/ml) did not change total protein tyrosine phosphorylation in human PMN. However, in the presence of plasma (5%), LPS induced a greatly enhanced phosphorylation of a 38-kDa protein(s) (Fig.  1) which coincided with the phosphorylation of p38. This finding, together with other data presented in this study, suggests an important role of p38 in LPS priming of PMN function. Thus, we speculate that inhibitors targeted to p38 may alter PMN-initiated symptoms for patients with endotoxemia. Nevertheless, it should also be noted that treatment of PMN with SB203580 did not completely block the O 2 Ϫ production induced by LPS or fMLP alone, or by fMLP following LPS FIG. 6 . p38 activation in LPS-treated human PMN is mediated by a genistein-sensitive, tyrphostin AG126-insensitive signaling molecule(s) that does not belong to families of Src, Syk, PKC, and PI 3-kinase. (A) PMN were incubated in H-medium supplemented with 5% plasma with or without LPS at 5 ng/ml and were lysed with RIPA buffer as described in the legend to Fig. 1 . The activity of Src-family kinases (Lyn, Fgr, and Hck) was analyzed by an in vitro immunocomplex kinase assay as described in Materials and Methods. (B) PMN were pretreated with either solvent (Nil), 5 M PP2, 5 M piceatannol (Pic), 1 M calphostin C (Cal), 100 nM wortmannin (Wort), 50 M tyrphostin AG126 (AG), or 50 M genistein (Gen) for 10 min at room temperature. Cells were then incubated in the presence of 5% plasma with or without LPS at 5 ng/ml, lysed, and analyzed for p38 activation as described in the legend to Fig. 1 . (C) PMN were treated with the indicated inhibitors as described above and assayed for O 2 Ϫ production as described in the legend to Fig. 3 by using TNF-␣ (20 ng/ml) and PMA (10 ng/ml) as stimuli (for 30 min at 37°C). Results are expressed as means Ϯ standard errors of the means (n ϭ 3) of percentages of changes in O 2 Ϫ production from that in the non-inhibitor-treated control (nil). priming ( Fig. 5) , indicating that besides p38, other signaling mechanisms such as ERKs (3) may also operate in these processes.
Tyrosine kinases are thought to mediate LPS-CD14 signaling, since their inhibitors abolish LPS-induced cellular responses including the priming of the PMN respiratory burst (5, 13) . Human PMN express three members of Src-family tyrosine kinases, namely, p59 hck , p58 fgr , and p53/56 lyn , that serve as important signaling mediators for PMN responses to a variety of extracellular stimuli (2) . In human monocytes, the activity of Src-like kinases has been implicated in CD14-mediated biological effects initiated by LPS (38) . As observed in the present study, all three of the Src-like kinases were activated by LPS in human PMN (Fig. 6A) . However, these kinases were not required for LPS activation of p38, which was unaffected by the inhibition of these enzymes by their specific inhibitor PP2 at inhibitory concentrations (32) (Fig. 6B and C) . Therefore, human PMN may be similar to murine macrophages, in which LPS-induced activation and signaling occur in the absence of Hck, Fgr, and Lyn (21) . Although PKC, p72 syk , and PI 3-kinase are important mediators required for full activation of the PMN respiratory burst (22, 47) , inhibitors of these enzymes failed to abolish this response, making them unlikely upstream activators of p38 following CD14 ligation (Fig. 6B ). ERK1 and ERK2 are other candidates for LPS-induced priming in PMN. The growth factor-like receptor tyrosine kinase inhibitor tyrphostin AG126 can block some LPS-induced cellular responses, including activation of ERK in murine macrophages (26) . In human PMN, however, it failed to inhibit the activation of p38 by LPS. On the other hand, genistein, a broad tyrosine kinase inhibitor which abolishes LPS priming of PMN (18, 19, 31) , markedly attenuated the activation of p38 by LPS in our experiments (Fig. 6B) .
These results greatly decrease the number of possible candidates that may link CD14 to the p38 pathway in PMN. Contenders for this role should be functionally genistein sensitive, tyrphostin AG126 insensitive, and unlikely to belong to Src-or Syk-family kinases, PKC, or PI 3-kinase. Defining this mediator(s) will help delineate the mechanisms involved in LPS priming of PMN function and enhance clinical understanding of endotoxemia in gram-negative bacterial sepsis.
